The enteric bacterium Klebsiella aerogenes has several operons (including lac and hut) that are regulated by catabolite gene activator protein (CAP)-cyclic AMP (cAMP) (26) . The regulation of one of the histidine utilization operons (hutUH) by CAP-cAMP has been a subject of study in this laboratory for some time (24, 25) . In the absence of CAPcAMP, RNA polymerase binds preferentially to a leftward promoter of unknown function (Pc) rather than to hutUp, the promoter of the hutUH operon (23) , and runoff transcription proceeds leftward rather than rightward into hutUH (24) . The presence of CAP-cAMP causes the simultaneous repression of Pc and activation of hutUp (24, 25) . A good match to the DNA consensus sequence for CAP binding sites was identified at positions -72 to -92 relative to the start of hutUp transcription (22) with its center of symmetry at position -81. 5 . This site resides rather far upstream from hutUp, so direct contact between CAP-cAMP and RNA polymerase bound at hutUp seems unlikely. However, this putative CAP-cAMP binding site overlaps the binding site of RNA polymerase at Pc. These observations suggested that the CAP-cAMP complex might act indirectly to cause the positive regulation of hutUp by repressing the Pc promoter directly (24) . Implicit in this model is the untested assumption that CAP from K. aerogenes (CAPK) is capable of recognizing and binding to a DNA sequence similar to that recognized by CAP from Escherichia coli (CAPE). This implies considerable similarity between CAPE and CAPK and raises a broader question: how closely does CAPK resemble CAPE in its regulation of RNA polymerase activity? The observation that the K. aerogenes hut operons were regulated by catabolite repression when present in an E. coli host (17) , though not as strongly as in K. aerogenes, suggested that CAPK and CAPE could be functionally interchanged in vivo, at'least to some extent. Therefore, we compared CAPK with CAPE. We show here that their deduced amino acid sequences are almost identical and that the proteins appear to be functionally equivalent.
Isolation and characterization of crp anId cya mutations. K. aerogenes mutants with defects in cya and presumably crp have been reported (26) , but have since been lost. Three independent mutants presumed to lack either CAP (crp) or adenylate cyclase (cya) were isolated from K. aerogenes KC1297 by the fosfomycin resistance selection method of Alper and Ames (2) . All three scored negative on MacConkey agar containing lactose, maltose, or sorbitol, and all three failed to grow with lactose or histidine as the sole carbon source. All three grew poorly on L broth unless it was supplemented with glucose. One of these mutants, strain KC1628, could grow with histidine or lactose as the sole carbon source when cAMP was present, but the other two were not affected by the presence of cAMP. Thus, we assumed that KC1628 (cya4011) was defective in cya and that the other two strains might be defective in crp.
The cya4011 mutation was about 50% linked to ilvA and about 5% linked to metB by P1-mediated generalized transduction. The genes that lie between rbs and glnA in E. coli are translocated in K. aerogenes to a site between argH and rpoB. Thus, the positions of the E. coli cya (rbs-ilvA-cya-glnA-metB) and the K. aerogenes cya (rbs-glnA-metB-ilvA-cya) genes are truly homologous.
The two cAMP-nonresponsive mutants, KC1669 (crp4021) and KC1670 (crp4031), had mutations tightly linked by transduction to rpsL and grew poorly on L broth and not at all on minimal medium with histidine as the sole carbon source. Thus, we concluded that these strains were crp mutants and not pts mutants, the other class of cAMPnonresponsive, pleiotropisally sugar-negative mutants (4). K. aerogenes pts mutants have mutations linked to cysK and grow well on L broth and on minimal medium with histidine as the sole carbon source (4) .
To confirm that the crp strains lacked CAP activity, cell extracts from the mutants were assayed for cAMP binding protein as described previously (25) . Crude extracts from strains KC1669 (crp4021) and KC1670 (crp4031) had less than 10% as much cAMP binding protein as did the wild-type strain KC1297; strain KC1628 (cya4011) had levels of cAMP binding protein at least as high as those of the wild type (data not shown).
Cloning and sequencing crp from K. aerogenes. A DNA fragment able to complement the crp mutation of strain KC1669 was cloned from strain KC1043 by using the in vivo cloning procedure of Groisman et al. (18) E.c.
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fragment from one such clone was subcloned into vector KSM13+ and shown to complement crp4021. This plasmid, pJP13, also complemented a well-characterized E. coli deletion of crp (27) (Fig. 1) was almost identical to that of CAPE (1, 10). The only difference was a serine at position 118 of CAPK rather than the alanine present in the CAPE. The Salmonella typhimurium CAP (CAPS) also has serine at position 118 as its only difference from CAPE (11) and thus was identical to CAPK. At the nucleotide sequence level, the crp genes from K. aerogenes, S. typhimurium, and E. coli differed from each other by about 12% in each pairwise combination. The variations in nucleotide sequence among the three genes were mostly confined to the third positions of codon triplets.
With three nucleotide sequences, it was possible to propose a consensus or ancestral sequence for positions at which two or three of the sequences have the same nucleotide. Although the three crp sequences differ from this ancestral sequence at similar frequencies, the majority of the changes that were unique to the K. aerogenes crp sequence were clustered within the first half of the gene, whereas the unique changes found within the E. coli and S. typhimurium crp sequences were noticeably more abundant within the second half of the gene.
The sequence conservation between the crp genes from K. aerogenes and E. coli extends beyond the coding region and includes regions upstream and downstream of the gene, regions known to be important for regulating expression of the E. coli crp gene. The promoter region of E. coli crp, including the RNA polymerase binding site, the start of transcription (+1), and two CAP binding sites (+30 to +53 and -71 to -50), was very similar to the same region of K. aerogenes crp. In contrast, the region between the promoter and the start of the coding region (i.e., from +54 to +140 with the coding region starting at + 172) was quite dissimilar in the two organisms, suggesting a lack of selective pressure on this region (Fig. 1) .
The presumed signal for termination of transcription lies just beyond the end of the E. coli crp coding sequence. Although the K. aerogenes crp sequence showed little sequence identity in the region of the stem-loop, the position of the stem-loop in K. aerogenes was virtually identical to that in E. coli. The crp terminators from K. aerogenes, E. coli, and S. typhimurium each ended with a stretch of 7 to 10 T residues split by a single G in the middle of the run of T residues. Thus, although we have no information on the regulation of crp expression in K. aerogenes, the conservation of sites known to regulate E. coli crp expression leads us to conclude that the regulation of crp expression in K. aerogenes is probably similar to that in E. coli.
Functional similarity of CAPK and CAPE. Although the DNA sequence predicted that CAPK would be virtually identical to the well-characterized CAPE, it was still important to demonstrate that there were no significant differences between CAPK and CAPE caused by differences in folding, modification, or other cytoplasmic interactions. Therefore, we compared the ability of CAPK (purified as described previously [25] ) and CAPE (generously provided by Stephanie H. Shanblatt (Fig. 2B) showed a dose response similar to that reported by Gamer and Revzin (16) with CAPE. At low concentrations of CAPK, runoff transcription increased with increasing CAPK. At high concentrations of CAPK, runoff transcription decreased with increasing CAPK. Since maximum transcription was detected at a 4:1 molar ratio, and since only one active CAP dimer is required at lacZp to activate transcription (14, 16), our CAPK preparation was estimated to be 25% active.
To determine whether CAPE could recognize a CAPK site, we examined the ability of CAPK and CAPE to regulate K.
aerogenes hutUp. The hutUp activation process also involves the repression of an overlapping divergent promoter (Pc) of unknown function (24) . Both CAPK-cAMP and CAPE-cAMP gave the same set of runoff transcripts from hutUp with comparable sizes and intensities (Fig. 3, lanes 1  and 3) . At the same time, both CAPK-cAMP and CAPEcAMP repressed transcription from Pc to about the same extent. When cAMP was omitted from the reaction mixture, transcription proceeded primarily from Pc, and hutUp was not activated (Fig. 3, lanes 2 and 4) .
A CAP consensus sequence that strongly resembles that from E. coli lacZp has been identified near hutUp (12, 22) , and thus we tested whether CAPK would bind to lacZp and hutUp similarly. When CAPK was mixed with an equimolar mixture of three DNA fragments, one carrying lacZp, one carrying hutUp, and one carrying no known CAP binding sites, both the lacZp-and the hutUp-containing DNA fragments showed binding at CAPK concentrations as low as 15 to 20 nM, and complete binding was observed at 30 to 40 nM (Fig. 4) . The mobility of the smaller (control) DNA fragment remained unaffected.
The previously identified CAP consensus sequence lies centered at position -81.5 relative to the start of transcription of hutUp, or bp 110.5 on the 255-bp SalI fragment of pOS2 (Fig. 5) . To demonstrate that CAPK and CAPE were actually binding in this region, we further digested this 255-bp Sall fragment with Sau3A, SphI, and HgaI and tested the resulting fragments for CAP binding by using a gel mobility shift assay (Fig. 5A) . For simplicity, a diagrammatic representation of these results indicating the relevant restriction sites is also provided (Fig. SB) . When CAPK was incubated (in the presence of cAMP) with the products of the Sau3A, SphI, or HgaI DNA digests of the Sall fragment, the mobility of the band containing the region around bp 110.5 was retarded in each case (Fig. SA, lanes 3, 5, (F-3) , which contains the 44-bp region around bp 110.5 and little else; and the largest fragment (F-1), which contains hutUp (Fig. 5A, lanes 7 and 8) . Since the DNA to the right of the SphI site was not retarded by CAPK (lanes 5 and 6), we inferred that the CAPK binding to HgaI fragment F-1 involved the region between the HgaI and SphI sites. Like CAPK, CAPE also showed cAMPdependent binding to both the F-3 and F-1 fragments, but not the F-2 fragment (Fig. 5A, lanes 9 and 10) . Thus, both CAPK and CAPE recognized the same two DNA sites within the hutUp region.
Given the general similarity within the enteric group of bacteria, it might be argued that the similarity between CAPK and CAPE (and that between RNAPK and RNAPE) was to be expected. However, there are numerous examples of major differences between E. coli and K. aerogenes proteins. For example, glutamine synthetase from K. aerogenes differs significantly in both molecular weight (7) and enzymatic properties (6) from that of E. coli. Similarly, P-galactosidase from K. aerogenes differs greatly in primary sequence from that of E. coli (9) , and the K. aerogenes P-galactosidase is far more thermolabile under standard assay conditions than the E. coli enzyme (4) . Even the sigma subunits of RNA polymerase from E. coli K-12, E. coli C, and S. typhimurium migrate differently on sodium dodecyl sulfate-polyacrylamide gels (19, 21) .
We had initially proposed a double-negative model for activation of hutUp expression by CAP-cAMP (24) 1 and 2) or the same fragment further cleaved with Sau3A (lanes 3 and 4), SphI (lanes 5 and 6), or HgaI (lanes 7 to 10). (The slowest-migrating band in lane 10 is probably a partial digestion product containing fragments F-1 and F-3.) About 100 ng of CAPK (lanes 1 to 8) or CAPE (lanes 9 and 10) was added to the end-labelled fragments in the presence (+) or absence (-) of 1 mM cAMP, as indicated. The DNA fragments were separated by electrophoresis and detected by autoradiography, using Hinfl fragments of pUC19 as size standards (lane S). The three fragments resulting from HgaI digestion are labelled F-1, F-2, and F-3. (B) Schematic representation of CAP binding data. The upper drawing shows the hutUp fragment. The RNA polymerase binding sites at hutUp and Pc (24) are shown as boxes, with their direction of transcription indicated by arrows. The lower lines illustrate fragments which showed a CAP-cAMP-induced mobility shift (solid lines) and those that did not (dashed lines).
repress Pc since Pc can fill with RNA polymerase even in the presence of bound CAP-cAMP (25) . Moreover, the formation of open complexes at Pc is so slow that it may not contribute significantly to a repression of hutUp (25) .
The finding of a second CAP-cAMP binding site at hutUp (Fig. 5) may help explain the activation of hutUp by CAPcAMP. This second site, located somewhere between -20 and -70 relative to the start of transcription, lies close to hutUp. In fact, a weak match to the CAP consensus can be identified centered at position -42.5 and thus overlapping hutUp. This arrangement calls to mind a similarly positioned CAP site required for CAP-cAMP activation at gal (8, 28, 30) and may provide a means for direct activation of hutUp by CAP-cAMP. VOL. 173, 1991 NOTES 6631 Nucleotide sequence accession number. The nucleotide sequence reported in Fig. 1 has been submitted to GenBank (accession number M68973).
